Purpose: Currently, no clinical imaging modality is used routinely to assess tumor response to cancer therapies within hours to days of the delivery of treatment. Here, the authors demonstrate the efficacy of ultrasound at a clinically relevant frequency to quantitatively detect changes in tumors in response to cancer therapies using preclinical mouse models. Methods: Conventional low-frequency and corresponding high-frequency ultrasound (ranging from 4 to 28 MHz) were used along with quantitative spectroscopic and signal envelope statistical analyses on data obtained from xenograft tumors treated with chemotherapy, x-ray radiation, as well as a novel vascular targeting microbubble therapy. Results: Ultrasound-based spectroscopic biomarkers indicated significant changes in cell-death associated parameters in responsive tumors. Specifically changes in the midband fit, spectral slope, Sadeghi-Naini et al.: Ultrasound imaging of cell death 082901-2
INTRODUCTION
The principle aim of cancer therapy is to induce cell death within a target tumor in order to destroy it. Current methods of assessing therapy effects during patient treatment are often invasive, requiring cytometric analysis of biopsied tissue. Commonly used clinical assessments, including imaging, are primarily based upon tumor size measurements. Nevertheless, tumor-size reduction can often require several weeks to months of treatment and in some cases tissue diminishment is not present despite a positive treatment response. 1 The development of a noninvasive manner to monitor patient responses to therapy would be advantageous in order to guide the customization of chemotherapy or other cancer therapies. If limited or no cell death is detected in response to therapy, clinicians would be able to potentially alter an ineffective treatment, changing it to a more efficacious one. This could take place early following the start of a treatment (days to weeks) as opposed to continuing ineffective treatments for months. A number of imaging modalities have been investigated to permit such evaluations including magnetic resonance imaging, positron emission tomography, and other methods. [1] [2] [3] [4] [5] In this study, we investigate for the first time the potential of conventional-frequency quantitative ultrasoundbased biomarkers to noninvasively monitor the effects of cancer therapies in mouse tumor models in vivo.
Quantitative ultrasound techniques are predicated, in part, on those methods which analyze ultrasound radiofrequency (RF) raw data, before it is envelope detected, log amplified, and processed to form a B-mode US image, in order to extract quantitative measures describing acoustic characteristics of the scanned tissue. Such techniques frequently apply calibration and/or normalization techniques in order to derive parameter estimates from ultrasound RF echoes which are predominantly independent of settings associated with the instrument and/or data acquisition session, with low levels of user dependency. Previous research conducted applying high-frequency MHz) quantitative ultrasound to detect changes in tissue microstructure associated with cancer therapies using in vitro, in situ, and in vivo models have indicated its ability to detect cell death. [6] [7] [8] [9] [10] [11] [12] Initial observations demonstrated increased tissue echogenicity in cancer cells exposed to the chemotherapeutic agent cisplatinum. 6, 7 Subsequent research used quantitative ultrasound spectroscopy in addition to statistical analysis of the ultrasound signal envelope to quantify this effect in a variety of in vitro and in vivo tumor models. 8, 9 More recently, high-frequency ultrasound was used to detect apoptosis as an effect of photodynamic therapy, and effects of radiation therapy which induced apoptotic cell death in certain tumor models, and in other tumor models mitotic arrest. [10] [11] [12] Those studies indicated that high-frequency ultrasound is sensitive to structural changes associated with cell death with observed 16-fold maximal increases in backscatter signal intensity accompanied by changes in biomarkers including parameters such as spectral slope and 0-MHz intercept. These are quantitative ultrasound-based biomarkers which can be related to effective scatterer size and acoustic concentration, respectively. 13, 14 Similar techniques have been employed previously in other quantitative ultrasound tissue characterization applications such as in the diagnoses of prostate cancer, liver, and cardiac abnormalities and the differentiation of benign fibroadenomas from mammary carcinomas and sarcomas. [15] [16] [17] Although high-frequency ultrasound benefits from an increased imaging resolution (30-80 μm over 20-50 MHz) when compared to clinically utilized frequencies of (80 μm-1.5 mm resolution over 1-20 MHz), it suffers from limited tissue penetration depth constraining its use to superficial tissue sites. With greater tissue penetration, conventional-frequency ultrasound has the potential to noninvasively monitor the responses of patients undergoing therapies for a wide variety of deeper body cancers such as breast, kidney, and liver malignancies. The use of clinically relevant lower frequencies to detect changes in morphology in response to cell death induced by cancer treatment administration could thus permit assessing the effectiveness of an increased range of cancer therapies and guide their change from ineffective therapies to efficacious ones.
Investigations into the potential of low-frequency ultrasound in the detection of treatment response have been carried out using in vitro acute myeloid leukemia (AML) cell models. That work indicated that 10 MHz quantitative ultrasound spectroscopic analysis was able to quantify microstructural changes that are histologically correlated with apoptotic cell death in AML cells exposed to cisplatinum chemotherapy. 18 Time-dependant experiments indicated statistically significant changes in tissue characteristics within 6 h following drug administration. Additionally, concentration-dependent experimentation indicated the potential detection of as little as 2.5% apoptotic cells within an otherwise viable population sample. 18 Parallel data collection employing high-frequency ultrasound found favorable correlation in the detection of response across the employed frequency ranges via spectroscopic quantification of the normalized power spectrum. Other investigations also have indicated that the cell's nuclear configuration can have a significant influence on low and high-frequency ultrasound backscatter signal intensity. 12 We have previously demonstrated the ability of those biomarkers derived using highfrequency ultrasound to be used to track tumor responses to radiation. 10, 11 In this study, we have carried out assessments of tumor responses to different cancer treatments using conventional low-frequency (∼7 MHz) ultrasound biomarkers in order to demonstrate their potential to detect cell death. Concurrent confirmatory experiments were also performed using highfrequency (∼20 MHz) ultrasound data in order to further validate and support the results observed with the low-frequency data. The study here demonstrates for the first time the capacity of conventional-frequency ultrasound, in addition to high-frequency ultrasound, in quantifying apoptotic tumor cell death resulting from cancer therapy administration using preclinical in vivo models. Human breast cancer (MDA) and prostate cancer (PC3) bearing mice were treated with different cancer therapies. Breast (MDA) tumors were treated and evaluated after 0, 4, 12, and 24 h of chemotherapy (resulting in different levels of apoptosis). Prostate (PC3) tumors were exposed to no treatment, radiation alone (inducing mainly mitotic arrest), antivascular ultrasound therapy (inducing vascular disruption and consequently apoptotic cell death), as well as a combined treatment of the antivascular ultrasound therapy and radiation (producing more extensive apoptotic cell death). 19 Analysis of both low-frequency and corresponding high-frequency data used spectrum analysis in addition to statistical quantification of the signal envelope to derive ultrasound-based biomarkers. Results indicated that these biomarkers could be used to detect cell death induced by different types of treatments.
This study represents the first use of conventionalfrequency ultrasound coupled with quantitative ultrasoundbased biomarkers to noninvasively monitor cell death in response to cancer therapy in vivo. This work forms a basis for potentially using such biomarkers to monitor noninvasively cancer treatments in patients. In the future, it may be possible to guide the customization of cancer therapies by using such quantitative imaging techniques in order to change ineffective therapies to more efficacious treatments.
MATERIALS AND METHODS

2.A. Animal models
Experiments were conducted using xenografted human prostate (PC3) and breast (MDA-MB-231) tumors on hind legs of severe combined immunodeficiency disease (SCID) mice. Tumors reached a size of 7-9 mm at 4-5 weeks after injection of cells subcutaneously. Cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA). For imaging, mice were anesthetized (100 mg/kg ketamine, 5 mg/kg of xylazine, and 1 mg/kg of acepromazine, CDMV, St. Hyacinthe, Quebec, Canada) and the tumor and surrounding area were epilated before scanning (Nair TM Church & Dwight Co., Canada). Experimentation used 32 PC3 and 16 MDA bearing mice; each tumor type was divided equally into four treatment categories, one of which remained untreated as a control group (Table I) .
2.B. Treatments
For the PC3 tumor model, the first treatment group was administered with vascular-targeting therapy consisting of a high-concentration dose (3% v/v; end microbubble volume relative to mouse blood volume) of ultrasonically stimulated microbubbles (Definity, Bristol-Myers Squibb, NY) to induce vascular disruption. The second group received an 8 Gy radiation using 160 kVp x-rays at 200 cGy/min (Faxitron Corporation, IL). The last group received a combination therapy consisting of the antivascular ultrasound and bubble therapy followed immediately by the x-ray radiation as above. Microbubble stimulation in these groups was carried out using an inhouse constructed system with an ultrasound excitation pulse centered at 500 kHz and a matched unfocussed transducer (Valpey Fisher, Hopkinton, MA) with a pulse repetition frequency of 3 kHz and peak negative pressure of 570 kPa for a total administration time of 750 ms over a 5 min period in order to avoid any potential hyperthermic effects on tissue. This microbubble treatment alone causes vascular destruction leading to apoptosis and when combined with radiation yields rapid apoptotic cell death within the central core of these human xenograft tumors and is described elsewhere. 19 The MDA tumor model was treated with Paclitaxel-Doxorubicin (150 mg/m 2 ,50mg/m 2 ) through an intravenous tail vein injection, to mimic human chemotherapy administration. Each MDA treatment group was assessed at a different time after chemotherapy exposure, i.e., 0, 4, 12, and 24 h, respectively. The purpose of the variation in the assessment time was to determine its effects on the tumor response and the sensitivity of quantitative ultrasound-based biomarkers to detect it.
2.C. Ultrasound data acquisition
Ultrasound data were collected from PC3 tumors prior to and 24 h following treatment, a time found to be optimal and potentially clinically relevant for response detection. [6] [7] [8] [9] [10] [11] [12] MDA tumors in each treatment group were imaged prior to therapy and at their group-specific time after chemotherapy exposure. Conventional-frequency ultrasound and RF data were acquired with a Sonix RP (Ultrasonix, Vancouver, Canada) system utilizing a L14-5/38 transducer with a transmit frequency of 10 MHz resulting in a frequency bandwidth with a center frequency of ∼7 MHz, focused at 1.5 cm depth, and sampled at 40 MHz. High-frequency data were acquired with a Vevo 770 system (Visual Sonics, Toronto, Canada) using a transducer (RMV-710B) with a transmit frequency of 25 MHz resulting in a frequency bandwidth with a center frequency of ∼20 MHz, and sampled at 420 MHz. Both systems were used to collect three-dimensional data with scan plane separations of 0.5 mm in the conventional-frequency data and 100 μm in the high-frequency data. Immediately following imaging animals were killed and tumors excised for histological examination.
2.D. Histological analyses
Histological analysis was carried out on tumor sections fixed in 5% formalin for 24-48 h and then sectioned in three representative planes with haematoxylin and eosin (H&E) staining carried out in addition to in situ end nick labeling (ISEL) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) immunohistochemistry for cell death. TUNEL is a sensitive method for detecting DNA fragmentation that results from apoptotic signaling cascades. Microscopy was carried out using a Leica DC100 microscope with a 20× objective and a Leica DC100 camera connected to a 2 GHz PC running Leica IM1000 software (Leica GmbH, Germany). Cell-death areas were quantified in histological immunohistochemistry tumor sections assisted by the use of Image-J (NIH, MD) macroscopically to detect TUNEL or ISEL positive areas in tumor sections. At higher magnifications (40×) apoptotic cells were counted manually by identifying typical apoptotic bodies. Similarly, quantification of cells undergoing mitotic arrest was performed by examination of four high magnification (40×) regions of H&E stained tumor sections per tumor, and manually determining the ratio of mitotically arrested cells to viable appearing tumor cells.
2.E. Ultrasound data analyses
Ultrasound data analysis was performed using the RF normalized power spectrum as well as statistical analysis of the signal envelope. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 20 Representative data illustrating the general methods applied in this study are presented in Fig. 1. Figure 1 depicts ultrasound spectrum and histogram data along with parameters derived as ultrasound-based biomarkers and linked to histological cell death estimates.
Ultrasound data were analyzed across 10-15 individual equally spaced scan planes within a standardized region of interest (ROI) located at the tumor center which was consistently positioned at the transducer focal depth, accounting for approximately two third of the tumor area in cross-section plane (within the transducer's depth of field). The power spectrum was calculated using a Fourier transform of the raw radiofrequency data for each scan line through the ROI which was windowed using a Hamming function, and subsequently averaged. In order to remove effects of system transfer functions, data were normalized with a calibration pulse obtained from a flat quartz plate for high-frequency data. 13 Conventional-frequency data normalization employed the averaged power spectrum obtained at a 1.5 cm focal depth from an agar-embedded glass-bead phantom model 21, 22 scanned with the same setting used for the tumor scans, in order to more accurately account for beam diffraction effects and other instrument-dependent factors, considering the use of a linear array transducer.
In order to calculate ultrasound-based spectroscopic biomarkers, linear regression analysis was performed on normalized power spectrum (in dBr), within a −6 dB window from the transducer center frequency determined from a calibration pulse (bandwidths of 4.5-9.0 and 13.5-27.5 MHz for low and high-frequency data, respectively), in order to generate a best-fit line ( Fig. 1 ). Parameters determined included the midband fit (value of the fitted line at bandwidth center), the spectral slope (slope of the fitted line), and the corresponding 0-MHz intercept (interception of the fitted line with 0 MHz axis) (Refs. 23, 24, 14, and 20) which can be related to ultrasound backscatter power, effective scatterer size, and acoustic concentration, respectively. 13, 14 By definition, any two out of these three parameters are independent, i.e., the third parameter can be derived from other two. All the parameters were determined for each of the 10-15 scan planes collected per specimen and averaged for each animal tumor in each treatment category. Parametric images of these ultrasound-based biomarkers were also generated for a visual representation of the RF data analysis by displaying the results of a sliding window analysis on a pixel by pixel basis within the ROI using a Hamming function. The parametric images were produced using a sliding window with a size of approximately 3 pulse lengths. Statistical analysis of the signal envelope, another method to quantify ultrasound signals as response biomarkers, 8 used probability density function (PDF) histogram fitting as a way to perform envelope statistical parameter analysis. 25 Rayleigh and generalized gamma distributions were fitted to the histogram of the ultrasound signal envelope via maximumlikelihood estimation method, in order to obtain histogrambased biomarkers. The Rayleigh distribution σ parameter provided a biomarker indicative of ultrasound signal intensity. 26 The generalized gamma distribution parameters included shape (c/v) and scale (a) parameters which can be linked to the effective scatterer number density, and the effective scatterer cross-section, respectively. 8, 27 Tests of significance on changes in the quantitative ultrasound parameters were carried out using t-test (unpaired, twosided, α = 0.05) for both low-frequency and high-frequency data. Regression analyses (PASW Statistics 18, SPSS, Inc., Chicago, IL) were performed to evaluate correlations between changes in the quantitative ultrasound parameters, and percentage estimates of tumor cell-death obtained from histological analyses.
RESULTS
Representative ultrasound images and spectral data in addition to histogram-based data are presented in Fig. 1 , demonstrating the calculation of the midband fit, 0-MHz intercept, and spectral slope as the spectroscopic biomarkers, in addition to the generalized gamma distribution shape and scale parameters as two histogram-based biomarkers applied in this study. Representative ultrasound-based biomarker results are presented for PC3 tumors treated with ultrasound-stimulated microbubbles in order to enhance radiation effects and for MDA tumors treated with chemotherapy. An overall increase in tissue echogenicity is visually detectable after treatment within responding tumor regions in both low-frequency and highfrequency ultrasound images. In these responding tumors, the presence of cell death was also reflected with changes in ultrasound spectra and histogram distribution of the ultrasound signal envelope for the treated tumors, which was quantified by the ultrasound-based biomarkers. Both treated tumor models exhibited cell death in gross morphological staining by TUNEL, ISEL, and H&E, and also at higher magnifications (described further below).
Changes in ultrasound-based biomarkers associated with treatment response are presented in Figs. 2-4 . Results from conventional-frequency ultrasound are presented along with data from high-frequency ultrasound. The midband fit biomarker increased with treatments where there was prominent cell death noted histologically (Fig. 5 ). Mean increases in the midband fit biomarker of 0.1 ± 0.2, 3.4 ± 0.9, 4.8 ± 0.8, and 5.9 ± 0.9 dBr were observed for untreated, microbubble antivascular therapy, x-ray radiation, and combination therapy treatment groups of the PC3 tumor model [ Fig. 2(a) ]. These data paralleled results observed for high-frequency data for the same treatment groups, respectively. A similar trend was also obtained for the MDA tumor model treated with chemotherapy.
The spectral slope biomarker also demonstrated changes increasing with treatments that induced progressively more cell death, but showed the opposite change with chemotherapy-related cell death in MDA tumors [ Fig. 2(b) ]. The results associated with PC3 tumors proved to be statistically significant with p < 0.05 in both high and low-frequency treated data when compared to untreated animals, with the exception of the 8 Gy treatment set which exhibited a higher standard deviation when compared to the remaining treatment groups. For the MDA tumors, the spectral slope decreased in most cases in response to the chemotherapy, but was not statistically significant when compared to untreated animals.
The 0-MHz intercept biomarker demonstrated increases with treatments that induced progressively more cell death. For this parameter, changes of −0.3 ± 0.6, 2.9 ± 0.7, 4.1 ± 0.9, and 4.8 ± 1.2 dBr were observed for the control, microbubble antivascular therapy, x-ray radiation, and combination therapy groups of PC3 tumors, respectively [ Fig. 2(c) ]. It indicated peak changes in chemotherapy data (MDA tumors) at 24 h after treatment consistent with the changes in the other two ultrasound-based biomarkers.
The histogram-based biomarkers revealed general trends similar to the spectrum derived biomarkers (Fig. 3 ). However, compared to the low-frequency data, high-frequency results for the generalized gamma shape and scale parameters indicated smaller increases in the parameters with the treatments.
Data from low-frequency ultrasound and high-frequency ultrasound were consistent in terms of general trends exhibited in ultrasound-based biomarkers with different treatments. Data compared to untreated samples were statistically significant except for the spectral slope and generalized gamma shape parameters in the chemotherapy experiments which exhibited greater variability than the other biomarkers. Figure 4 demonstrates representative ultrasound B-mode images with parametric overlays of the 0-MHz intercept biomarker for different treatments, demonstrating the use of quantitative ultrasound parameters to discriminate differences in response between groups and depicting the potential of this technique to identify response heterogeneity.
Histology and cell-death immunohistochemistry associated with treatments is presented in Fig. 5 . It indicated small amounts of cell death associated with treatments with radiation or ultrasound-stimulated microbubbles alone. Large regions of cell death in combined treatments were apparent with a diminishment in nuclear size associated with apoptotic cell death evident in higher-magnification histology. In treatments with chemotherapy, increases in cell death were apparent with the treatment groups assessed at longer times after chemotherapy exposure. High magnification histology indicated the presence of nuclear condensation progressing with time, with apoptotic features present at 24 h in the form of nuclear pyknosis and apoptotic bodies.
In PC3 tumors, histological analyses resulted in 1 ± 1%, 8 ± 2%, 17 ± 7%, and 50 ± 12% mean ratios (± standard error) of cell death within the control, microbubble antivascular therapy, x-ray radiation, and combination therapy groups, respectively. Although PC3 tumors treated with x-rays alone did not undergo significant amounts of apoptotic cell death, high magnification analysis of haematoxylin-andeosin stained tumor sections indicated that significant portions of the x-ray treated tumors demonstrated significant changes in morphology when compared to the untreated specimens with prominent mitotic arrest/catastrophe and cellular and nuclear irregularities such as cellular swelling and multinucleated cells consistent with mitotic death. In MDA tumors, immunohistochemistry staining for cell death revealed 8 ± 2%, 20 ± 7%, 22 ± 5%, and 61 ± 12% mean areas (± standard error) of apoptotic cell death within the groups evaluated at 0, 4, 12, and 24 h after chemotherapy exposure, respectively. Linear regression analyses performed to assess correlations between changes in the conventional-frequency midband fit biomarker and the percentage estimates of histological tumor cell-death resulted in r 2 values of 0.71 and 0.82 (p < 0.001) for PC3 and MDA tumors, respectively (Fig. 6 ). This indicates a strong correlation between obtained spectroscopic results, and the corresponding tumor responses to treatment observed histologically. Quadratic regression analyses performed to assess levels of nonlinearity resulted in slightly improved r 2 values of 0.76 and 0.84 (p < 0.001) for PC3 and MDA tumors, respectively (Fig. 6 ).
DISCUSSION
The results demonstrate for the first time that clinically relevant conventional-frequency ultrasound may be used to detect cell death in vivo in well controlled preclinical animal models exhibiting cell death. Compared to untreated control animals ultrasound-based spectroscopic response biomarkers (utilizing midband fit, spectral slope and 0-MHz intercept parameters) and histogram-based biomarkers (including Rayleigh σ parameter and generalized gamma shape and scale parameters) indicated consistent changes associated with histological increases in cell death. Histological analyses indicated that a mix of mitotic arrest/catastrophe leading to apoptotic death was induced by 8 Gy treatments, whereas apoptotic cell death was induced by antivascular treatment secondary to vascular disruption. 19 Greater amounts of apoptotic death were observed in combination treatments, as well as in the treatment groups assessed at longer times after chemotherapy exposure. We have demonstrated the detection in such cell-death models using high-frequency ultrasound before, [10] [11] [12] spectroscopic biomarkers with different treatments were apparent and samples which displayed macroscopic areas of cell death demonstrated changes in low and high-frequency ultrasound data. The midband fit biomarker increases ranged approximately from 0 to 6 dBr for samples concordant with increases in cell death apparent histologically. Correlations estimated via linear regression analyses between changes in the midband fit biomarker and histological estimates of cell death resulted in r 2 = 0.71 and r 2 = 0.82 for PC3 and MDA tumors, respectively, and was statistically significant for both with p < 0.001. Data obtained from PC3 tumors indicated coincident increases in trend for the spectral slope biomarker from high and low-frequency data. Here, observed increases with different treatment types are consistent with the interpretation of scatterer sizes becoming smaller as observed in histological morphology with nuclear condensation and fragmentation.
Spectral data obtained in this study from MDA tumors, however, demonstrated decreases in the spectral slope biomarker for high and low-frequency data, in most cases. This may be related to the development of patches of response in larger structures of scatterers such as glands, in MDA human breast tumors. Development of such larger structures is less likely expected in the case of PC3 human prostate tumors which are highly cellular small-cell-like tumors with little higher-order organization.
Previous studies using 10-40 MHz ultrasound frequencies have demonstrated that isolated nuclei from apoptotic cells exhibited increases in backscatter signal intensity compared to nuclei from viable cells, which were consistent with changes in cells undergoing apoptosis. 12 In the study here, increases in the 0-MHz intercept biomarker also occurred with the combined treatments in PC3 tumors in which this was less apparent with high-frequency ultrasound. We suspect that the nuclear degeneration and disintegration (necrosis) which was most prominent in these samples has a greater effect upon high-frequency data than low-frequency data, with predominant loss of cell structure leading to a less prominent increase in this parameter. Advanced necrosis has been demonstrated by others to result in decreases in backscatter intensity. 28 In the results associated with MDA tumors, the largest increases in the 0-MHz intercept biomarker occurred with the longest assessment time after the chemotherapy exposure (24 h) for high and low-frequency data, since the chemotherapy alone would less likely result in progressed cell death earlier than 24 h of exposure. Results from histogram-based biomarkers followed the same general trends indicated by spectroscopic biomarkers. These measures have been used before with cells treated with chemotherapy, but only with high-frequency ultrasound and are explained in depth elsewhere. 8 The results in this study are supported by previous investigations of cell-death detection in vitro and in vivo using high-frequency ultrasound. [6] [7] [8] [9] [10] [11] [12] Those studies indicated an important role of nuclear structure in which induced nuclear condensation either by the induction of mitotic death or apoptotic death can lead to increases in backscatter signal intensity. Other research comparing low-frequency and highfrequency data predominantly from in vitro cell models has indicated a correspondence such as that seen here for experiments done following cell-death progression with time and extent of cell death. 18 Samples here demonstrated increases in cell death and had consequent changes in ultrasound-based response biomarkers which followed trends of increases in cell death in histologically analyzed samples. The fact that the low-frequency data were mirrored in trend by the highfrequency data was reassuring, although the nature of the scatterers expected from the two samples is potentially different. We would expect Rayleigh scattering (backscatter intensity proportional to f 4 , where f is frequency) (Ref. 29 ) to predominate at low frequencies as the cellular components are significantly smaller than the ultrasound wavelengths, whereas with high-frequency ultrasound cellular components are approximately of the same order as the ultrasound wavelength (with a more complex relationship between backscatter intensity and frequency). Our "working" hypothesis is that the condensation of nuclear structure during cell death (pyknosis, karyorrhexis) results in an increased ultrasound backscatter signal intensity.
There are now multiple sources of experimental evidence suggesting a role for nuclear structure in contributing to ultrasound backscatter signals. 12 This evidence includes:
(1) In highly cellular xenograft tumors, backscatter signals and spectra are identical to backscatter signals and spectra of centrifuged cell models that mimic the histological packing of xenograft tumors. 30, 31 Such packed cell models have no extracellular matrix and collagen present yet exhibit nearly identical backscatter profiles.
(2) Different cell types may be differentiated on the basis of their ultrasound spectra, now recognized to be linked to nuclear size in such a manner. This has further suggested to us an important role of nuclear structure in ultrasound backscatter signal. 32 (3) In cell experiments where nuclear structure is specifically modified, there are changes in ultrasound backscatter signal. Treatment of cells with colchicine to arrest them in G2/M of mitosis with condensed nuclear material demonstrated significant increases in ultrasound backscatter and such increases were reversed by digesting cellular DNA through enzymatically treating such colchicine treated cells with DNAse. 7 Other changes induced by sodium butyrate causing unfolding of nuclear structure demonstrate decreases in ultrasound backscatter. 33 And, (4) Calculated scatterer sizes from ultrasound backscatter do not work out to be the same as cell sizes but coincide with smaller sizes near that of nuclei suggestive again of an important role of the nucleus. 30, 31 One may not expect at ∼7 MHz there to be sizeable ultrasound backscatter changes from micrometer-sized particles mainly due to loss of scattering strength of small scattering structures. However, in this low-to mid-frequency range (near 10 MHz), we believe that bulk changes in tissue are related to ensembles of cells and nuclei smaller than the wavelength of the ultrasound being used. These ensembles influence acoustic properties and thus ultrasound backscatter properties. As discussed earlier, the potential scatterers are closer in size to those that predominate in the Rayleigh scattering regime, as they are about ten times smaller than the interrogating wavelength (10-30 versus 100-300 μm). When imaging cell samples, even at these low frequencies, a speckle pattern is still formed indicating that many subresolution scatterers contribute to detected signals. At ultrasound high frequencies, the spatial organization of cellular-based scatterers can also influence ultrasound backscatter properties and this can also be a factor at low frequencies. 34 The work here complements other noninvasive imaging methods such as those based on positron emission tomography or magnetic resonance imaging being investigated to de-tect tumor responses. 1, 2, 35, 36 Different from these methods, our ultrasound method relies on inherent contrast changes arising from changes in acoustic properties as cancer cells die. The preclinical work here applied in xenograft models appears to be able to be extrapolated to human data for response monitoring [37] [38] [39] at depth.
In conclusion, this study indicates for the first time that low-frequency quantitative ultrasound techniques may be used to detect cell death in vivo and is supported by corresponding high-frequency ultrasound data. Ultrasound-based response biomarkers were obtained for four different manners of inducing cell death in preclinical prostate and breast cancer xenografts and analyses indicated a concordance between changes in ultrasound-based biomarkers and the histological extent of cell death. As such, this work forms the basis for the application of such low-frequency approaches in vivo in cancer patients for the monitoring and customization of their cancer therapies. 
